The MET receptor tyrosine kinase (RTK), implicated in risk for autism spectrum disorder (ASD) and in functional and structural circuit integrity in humans, is a temporally and spatially regulated receptor enriched in dorsal pallial-derived structures during mouse forebrain development. Here we report that loss or gain of function of MET in vitro or in vivo leads to changes, opposite in nature, in dendritic complexity, spine morphogenesis, and the timing of glutamatergic synapse maturation onto hippocampus CA1 neurons. Consistent with the morphological and biochemical changes, deletion of Met in mutant mice results in precocious maturation of excitatory synapse, as indicated by a reduction of the proportion of silent synapses, a faster GluN2A subunit switch, and an enhanced acquisition of AMPA receptors at synaptic sites. Thus, MET-mediated signaling appears to serve as a mechanism for controlling the timing of neuronal growth and functional maturation. These studies suggest that mistimed maturation of glutamatergic synapses leads to the aberrant neural circuits that may be associated with ASD risk.
Introduction
Human genetic studies and brain imaging data have established MET as a risk factor for autism sprectrum disorder (ASD), a highly heritable psychiatric disorder with disrupted ontogeny of neural connectivity (Campbell et al., 2006 (Campbell et al., , 2007 Jackson et al., 2009; Sousa et al., 2009; Thanseem et al., 2010; Abrahams et al., 2013) . We have previously shown that the rs1858830 'C' allele reduces MET mRNA and protein levels in the brains of subjects with autism through altered interactions with identified transcription factors, providing a potential molecular basis for increased ASD risk (Campbell et al., 2006 (Campbell et al., , 2007 .
How does one go from low MET expression to influencing altered cognition, social and language skills, and executive functions seen in ASD? The rs1858830 "C" risk allele predicts atypical fMRI activation and deactivation patterns of human brain to social stimuli and reduced connectivity in temporoparietal lobes, areas known to have high levels of MET expression (Rudie et al., 2012) . Moreover, in typically developing humans, the risk allele correlates with differences in trajectory of gray matter growth in temporal and posterior parietal regions (Hedrick et al., 2012) , neocortical areas that express MET heavily (Judson et al., 2011; Mukamel et al., 2011) . These finding are consistent with established biological roles of MET in normal CNS development, suggesting that MET signaling converges on biological processes relevant to ASD pathogenesis. Normal brain development is instructed via molecular signaling mediated by growth factors that signal through protein receptor tyrosine kinases (RTKs) (Park and Poo, 2013) . These act by complex downstream signaling, often functionally pleiotropic in nature. MET RTK and its ligand hepatocyte growth factor (HGF) mediate development of multiple peripheral organs (Cooper et al., 1984; Bottaro et al., 1991) . MET and HGF also are expressed in the developing nervous system of rodents (Achim et al., 1997; Maina et al., 1997; Judson et al., 2009; Wu and Levitt, 2013) , monkey (Judson et al., 2011) , and humans (Mukamel et al., 2011; Hamasaki et al., 2014) , where they influence many neurodevelopmental events, including neural induction, cell fate, axon guidance, and neuronal morphogenesis (Streit et al., 1995; Ebens et al., 1996; Hamanoue et al., 1996; Maina et al., 2001; Helmbacher et al., 2003; Gutierrez et al., 2004; Lim and Walikonis, 2008) . While both Met heterozygous or homozygous states in mice alter local cortical interlaminar excitatory connectivity (Qiu et al., 2011) , the ways through which MET signaling impacts functional synapse formation during brain development have not been defined. We postulate that disrupted development of glutamatergic circuits is a candidate mechanism to translate the lower levels of MET into the wider pathology of ASD Penzes et al., 2011; Clement et al., 2012; Zoghbi and Bear, 2012) . Taking advantage of the enrichment of MET expression by CA1 hippocampal pyramidal neurons (Judson et al., 2009 ), we used complementary in vitro and in vivo methods to examine how altered MET signaling impacts synaptic development in search for a potential synaptic basis for MET-induced ASD genetic risk.
Materials and Methods
Mice. Time-pregnant C57BL/6 mice purchased from Charles Rivers or bred in house were used for hippocampal neuron cell cultures and in utero electroporation (IUEP) studies. The day of vaginal plug detection was designated as E0.5 and the day of birth as P0. The dorsal pallialspecific conditional mutant mice (Met fx/fx ; Emx1 cre ) were generated and genotyped using previously described methods (Judson et al., 2010 Cre breeding line (provided by Dr. Kevin Jones, University of Colorado, Boulder, Colorado) were back-crossed onto the C57BL/6J background for Ͼ10 generations in our laboratory. All research using mice were performed in accordance with animal experimental protocols approved by the Institutional Animal Care and Use Committee at University of Southern California, The University of Arizona and conformed to National Institutes of Health guidelines. Efforts were made to minimize animal suffering and to reduce the number of animals used.
DNA constructs. Mouse full-length Met cDNA (NM_008591) expressed in the form of pMEX vector (Jeffers et al., 1998 ) was a generous gift from Dr. G. Vande Woude (Van Andel Institute). Neurons transfected or electroporated with this construct in combination with pEGFP-C3 are designated as 'MET' group. To construct an RNAi vector for MET knockdown, we initially used a lentiviral vector (PLVTHM) (Wiznerowicz and Trono, 2003) and tested the RNAi efficiency in HEK293 cells. Later, we used the pSuper vector for more efficient and faster expression of the RNAi sequences in neurons (Kim et al., 2005) . Three 19-nt RNAi sequences (sequence #1, 5Ј-GCAGTGAATTAGTT CGCTA-3Ј; sequence #2, 5Ј-GCACAAAGCAAGCCAGATT-3Ј; sequence #3, 5Ј-GCAGCCTGATTGTGCATTT-3Ј) were designed to target the ORF region of Met using the BLOCK-iT online algorithm (Invitrogen). The 19-nt sequence targets mRNA transcripts and is separated by a 9-nt spacer loop (TCTCTTGAA), and followed by the reverse complement sequence of the target sequence. The sequences were cloned into the BglII and HindIII sites of pSuper vector. These RNAi sequences were unique to mouse Met gene and did not target any other sequences when queried onto the mouse genome using Blastn. Further tests for RNAi efficiency found that sequence #1 was most effective in suppressing Met gene expression. This pSuper-siRNA #1 construct was designated as 'RNAi' group when used for neuron transfection or electroporation in combination with pEGFP-C3 vector. The scrambled control sequence for RNAi (5Ј-GCTAGATAGATCTGTGTCA-3Ј) ('scr RNA') also is expressed from the pSuper vector and does not target any known mouse cDNA sequence.
IEUP. IUEP was used to deliver exogenous DNA and RNAi molecules to developing hippocampal CA1 neurons. The procedure is similar to that described previously (Navarro-Quiroga et al., 2007) . Briefly, the abdominal wall of the E14.5 time-pregnant mice (anesthetized with isoflurane) was opened by a ϳ2 cm incision. The uterine horn and embryos were exposed and gently pulled outside the abdomen cavity. A sharp sterile needle filled with the nucleic acid mixture (with 0.05% fast green) was used to penetrate through the uterine wall and the cortical plate of the developing brain to reach the lateral ventricle. Approximately 1 l solution was pressure-injected into the lateral ventricles. Next, a tweezershaped electrode pair was positioned to clamp the embryo heads in a mediolateral orientation so that the electrical field targeted the developing hippocampal CA1 subfield. Electrical voltage pulses (50 V, 50 ms and 5 pulses, generated by an ECM 830 electroporator) were used to electroporate the nucleic acids into the developing hippocampus. The embryos were then returned to their original position inside the dam. A sterile, size #6-0 fine monofilament medical suture was used to close the abdominal wall. Bupivacaine local anesthetic (0.25% gel) was applied topically at the incision site. Offspring born to the IUEP dam was harvested for experiments at designated postnatal time points.
Primary neuronal culture, transfection, and morphometrical analysis. Hippocampal cultures were prepared from E16.5 time-pregnant C57BL/6 mice, similar to that previously described (Qiu and Weeber, 2007) . Briefly, the dams were deeply anesthetized and the embryos harvested. The hippocampi were dissected out in ice-cold Hank's balanced salt solution, digested with 0.5 mg/ml papain at 37°C for 20 min. Where necessary, tails of the embryos were collected for genotyping. The hippocampi were then mechanically dissociated into a single-cell suspension using a plastic transfer pipette with small orifice. Neurons were grown on poly-D-lysine-coated 12 mm glass coverslips residing in 24-well plates at a density of 30,000 cells/cm 2 in Neurobasal medium supplemented with 2% B27 (Invitrogen). A lower plating density (10,000 cells/cm 2 ) was adopted when neurons were used for immunocytochemistry staining to facilitate the discrete identification of individual immunopositive puncta. Every 7 d after plating, 300 l fresh complete culture medium supplemented with 10 M cytosine arabinoside was added to the original 600 l plating volume to inhibit glial cells growth.
Neurons were transfected at day 3-14 with Met cDNA and RNAi constructs, in combination with pEGFP-C3, to reveal neuron morphology. We used a calcium phosphate transfection method (ProFection mammalian transfection kit, Promega), according to the manufacturer's protocol; 8 g total DNA was used to generate 600 l total precipitates, which was added to each well at a 50 l volume. Wells containing transfected cells were briefly washed with warm neurobasal medium 2 h later and then continued to grow in conditioned medium collected from sister wells until the neurons were harvested for immunocytochemistry or electrophysiology recording. For morphological analysis, neurons grown on coverslips were fixed in 4% PFA in PBS for 20 min, washed with PBS, and placed in a chamber slide for confocal microscopy analysis. Confocal images were collected at different culture day in vitro (DIV) with 20ϫ (Plan-Apochromat, NA 0.8, for neurite growth analysis) or 63ϫ objectives (Plan-Apochromat, NA 1.4, for dendritic spine analysis). Regions of interest were identified by selection of 4 or 5 quadrants of each coverslip. The samples were coded so that analysis was performed blind to treatment. Total axonal and dendritic length was calculated following manual tracing using ImageJ. Axons were differentiated from dendrites based on much smaller diameter and no tapering. Dendritic protrusion density, spine density, and head area size were quantified on secondary dendritic branches located between 150 and 300 m from the pyramidal shaped soma, using a maximum intensity projected image derived from confocal Z-stacks (1024 ϫ 1024 pixels with 2ϫ digital zoom and 0.2 m Z resolution). Dendritic spine head area was quantified by manual tracing in the defined regions of interests along the dendrites. The area, maximum length, and head width of each spine were measured using ImageJ. Analysis was performed in at least four different culturing sessions for each time point.
For immunocytochemical labeling and protein colocalization studies, cultured neurons at 22-28 DIV were double-fixed with 4% PFA in 0.1 M PB, followed by prechilled (Ϫ20°C) methanol for 10 min. The neurons were washed in PBS, made permeable in 0.2% Triton X-100 for 30 min, and then blocked with 10% normal donkey serum and 1% BSA. Neurons were then incubated in primary antibodies (rabbit anti-GluR1 and mouse anti-NR1, both 1:250 dilutions, rabbit anti-synapsin I, and mouse anti-PSD-95, all from Millipore) for 24 h. Neurons were washed briefly for three times, followed by an overnight incubation with AlexaFluor 488-conjugated donkey anti-rabbit secondary IgG and AlexaFluor-555-conjugated donkey anti-mouse IgG (Invitrogen). Confocal images of double staining were collected on a Zeiss LSM 710 microscope with a 63ϫ oil-immersion objective. All digital images across experiments were acquired using identical settings for laser power, photomultiplier gain, offset and a fixed pinhole size of one airy unit. Images were blindly coded and analyzed using MetaMorph software (Molecular Devices). For colocalization analysis, at least three quadrants were selected for each coverslip and immunopositive GluA1 and GluN1, or PSD-95 and synapsin I puncta were thresholded to include all visually recognizable punctate labeling. The thresholded puncta in one channel was used to create a mask and then overlaid on the second channel to obtain the overlapping/ colocalizing regions. At least eight complete neuronal profiles in each of three different culture sessions were analyzed.
CA1 neuron dendritic arbor reconstruction and spine quantification. Offspring (P22-P25) born to IUEP dams were transcardially perfused with 4% PFA. The brains were collected and postfixed in 4% PFA overnight, sequentially cryoprotected in 10%, 20%, and 30% sucrose. The brains (n ϭ 4 -6/treatment group) were cut into 60 m sections using a sliding microtome (Leica Microsystems), washed in 0.01 M PBS, and mounted on slides using Vectashield mounting medium (Vector Laboratories). Coronal slices containing only the middle third septotemporal levels of hippocampus were used for analysis. To minimize analyzing CA1 neurons with truncated dendritic trees, only CA1 neurons whose soma is located within the middle 20 m were selected.
Neurons that express GFP, or in combination with MET or RNAi, were traced using a Neurolucida (Microbrightfield) platform to reconstruct their 3D dendritic arbor, similar to that described previously by our group (Judson et al., 2010) . Slides were coded for blind analysis. Dendritic measures included number of primary, secondary dendrite and total dendritic length in the basal and apical compartments. In addition, Sholl analyses (Sholl, 1953) were performed in these reconstructed neurons to detect regional alterations in dendritic arbor structure and to quantify cell parameters, including dendritic length, branching complexity, and branch point locations in the denomination of a series concentric circles (20 m radius increment from soma) on the entire dendritic arbors. Between three and five cells were reconstructed per mouse, and at least three mice were reconstructed for each treatment group.
We used Imaris software (version 7.6.5, 64 bit; Bitplane) for semiautomated dendritic spine analysis in collected confocal Z-stack images, using a similar approach described by Shen et al. (2008) . For better consistency, we selected secondary apical dendritic branches that are located at 100 -200 m from center of soma for analysis. Two or three dendritic segments were quantified per neuron. Image Z-stacks were acquired using a Zeiss LSM 710 confocal microscope using a 63ϫ (NA 1.4) oil-immersion objective, with 2ϫ digital cropping and frame size of 1024 ϫ 1024 pixels, and 0.2 m Z interval. This yields a voxel size of 0.069 ϫ 0.069 ϫ 0.2 m 3 . The confocal files were imported into Imaris software and visualized in the 'surpass' view. The Filament module with Autopath (no loops) was used for 3D rendering of each dendritic segment. Renderings were subsequently edited manually to include or exclude spines that are misidentified. When spine classification (stubby, mushroom, long thin, and filopodia) is implemented, we used the Imaris spine classification module with default settings. This module is executed as a graphic user interface in MATLAB that can also be user-defined based on the ratio of spine head and neck to the spine length. At least 1200 spines from three mice were constructed for each treatment group.
Surface protein biotinylation, crude synaptosome preparation, and Western blot analysis. To assess total glutamate receptor subunit protein levels and the membrane-bound fractions at synaptic sites, we treated P14 acute hippocampal slices (pooled from 4 or 5 mice per genotype) with 0.25 mg/ml sulfo-NHS-S-S-biotin for 30 min at 4°C, using a Pinpoint cell surface protein isolation kit (Pierce Biotechnology), similar to that described previously for biotinylation in hippocampal slices (Qiu and Weeber, 2007) . Micro-dissected CA1 regions were homogenized in cold buffer (containing 4 mM HEPES, 320 mM sucrose, and 1:50 protease inhibitor mixture; P8340, Sigma). The homogenates were centrifuged at 1500 ϫ g for 10 min. The supernatant was centrifuged at 16,000 ϫ g for 20 min to yield a pellet containing the crude synaptosome fraction. This fraction was then equally divided into two aliquots; one part was used to assess total synaptosomal proteins using SDS-PAGE and Western blot analysis, the other half was lysed and resuspended in ice-cold water containing a protease inhibitor mixture, and then mixed with immobilized NeutrAvidin beads (Pierce Biotechnology) and rotated for 2 h at 4°C. The beads were washed three times in RIPA buffer, and all biotinylated synaptic membrane proteins were eluted with 2ϫ Laemmli buffer supplemented with 50 mM DTT. The biotinylated proteins were then subjected to Western blot analysis to probe semiquantitatively different glutamate receptor subunits located in the synaptic membrane compartments.
A standard Western blot protocol was used to assess protein contents. Proteins harvested were suspended in NP40 cell lysis buffer supplemented with proteinase inhibitor mixture (1:50, Sigma P8340) and 1 mM PMSF, and quantified using a micro-BCA assay to ensure equal loading of sample. Samples were mixed with equal amount of 2ϫ Laemmli loading buffer and boiled for 5 min, and then separated by 9% SDSpolyacrylamide gels. The proteins were transferred to PVDF membranes (Immobilon-P, Millipore), incubated with antibodies against proteins of interest (antibody diluted in 5% nonfat dry milk) overnight at 4°C. The PVDF membranes were then washed three times in 0.01 M PBS-Tween 20 and incubated with HRP-conjugated secondary antibodies (Promega) for 2 h at room temperature. Protein signals were developed using an enhanced chemiluminescence method (ECL Plus detection system, GE Healthcare; or SignalFire, Cell Signaling Technology). The following antibodies were used: from Santa Cruz Biotechnology, anti-MET (sc-8057), neuroligin 3 (sc-137052), CaMKII (sc-9035), AKT (sc-5298), PI3K-P110␣ (sc-7174); from Millipore Bioscience Research Reagents, rabbit anti-GluA1 (AB1504) and anti-synapsin I (AB1543), mouse anti-GluN1 (MAB363 for Western blot; MAB1586 for immunocytochemistry), rabbit anti-GluN2A (07-632), rabbit anti-GluN2B (05-920), Homer 1 (ABN37), mouse anti-PSD-95 (AB9708), SynGap (06-900), mGluR1 (07-617). Monoclonal Shank3 antibody was purchased from NeuroMab. Rabbit anti-GAPDH was from Cell Signaling Technology. The final dilution of antibodies was between 1:1000 and 1:2000. The optical density of immunoreactive bands was quantified by densitometry using FIJI/ ImageJ.
Patch-clamp whole-cell recording in CA1 neurons. Mice born to IUEP dams were killed at P22-P28 and coronal slices containing the middle septo-temporal levels of hippocampus were used for recording. Slices from Met fx/fx ; emx1 cre and control mice were prepared from animals at various developmental ages (P6-P9, P12-P14, and P24-P28). Slices were cut in ice-cold ACSF saturated with 95% O 2 and 5% CO 2 , incubated at 32°C for 30 min, and kept at room temperature before switched to the recording chamber. The chamber was circulated with 95% O 2 -and 5% CO 2 -saturated with ACSF, which contains (in mM) as follows: 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 1.2 MgCl 2 , 2.0 CaCl 2 , and 10 glucose, pH 7.3-7.4. We identified individual CA1 neurons that are transfected with GFP, MET, or RNAi groups under epifluorescence illumination and targeted for recording under differential interference contrast microscopy (Olympus BX-51WI platform). For mEPSC recording, the electrode (4 -7 M⍀ electrical resistance) contained a potassium-based solution (in mM) as follows: 130 K-gluconate, 4 KCl, 2 NaCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, 1 EGTA, and 14 phosphocreatine (pH 7.2, 295 mOsm). Neurons were voltage-clamped at Ϫ65 mV (close to GABA A reversal potential) and the ACSF was supplemented with 1 M TTX. To record mIPSCs, neuron were voltage-clamped at Ϫ65 mV. The pipette solution had symmetrical chloride ions and contained the following (in mM): 135 KCl, 2 NaCl, 10 HEPES, 2 EGTA, 5 QX314-Cl, 1 MgSO 4 , 4 ATP-Mg, 0.3 GTP-Tris (pH 7.4, with KOH, 290 -295 mOsm), and the ACSF was supplemented with 1 M TTX, 10 M NBQX, and 50 M AP5.
For experiments that require voltage clamp at higher levels than resting membrane potentials (AMPA/NMDAR current [A:N] ratio, ifenprodil sensitivity and silent synapse quantification using minimum stimulation protocols), the patch electrodes were filled with a solution containing (in mM) as follows: 125 Cs gluconate, 5 tetraethylammoniumCl, 10 HEPES, 8 NaCl, 5 QX314-Cl, 4 Mg 2ϩ -ATP, 2.5 CsCl, 0.3 Na 3 GTP, 0.2 EGTA, 10 phosphocreatine, and adjusted to pH 7.2, 280 -290 mOsm. The ACSF was supplemented with 5 M bicuculline for the A:N ratio experiments. An additional 10 M NBQX was added for the ifenprodil sensitivity experiments, during which NMDAR-mediated whole-cell current was isolated at 40 mV. Evoked synaptic currents were elicited by a stimulus delivered through a bipolar tungsten electrode (FHC) that was placed at the CA1 stratum radiatum. The stimulus was 0.1 ms in duration and generated through a Digidata 1440A interface and delivered through an iso-flex stimulus isolater (A.M.P.I.). Presynaptic fibers were stimulated at 0.2 Hz to obtain a monosynaptic response. Neuronal signals were collected using a Multiclamp 700B amplifier (Molecular Devices), lowpass filtered at 2 kHz, and digitized at 10 or 20 kHz using a Digidata 1440A board under control of pClamp 10.2 program (Molecular Devices). Series resistance (Ͻ25 M⍀) was constantly monitored, and only those with Ͻ15% variation were included for analysis.
We used a minimum stimulation protocol to activate a small number of axons or release sites to estimate the proportion of silent synapses and the quantal profiles. We adopted a stimulation intensity that produces successful AMPAR EPSCs at Ϫ70 mV holding potential that are interleaved with failures. The neurons were then voltage-clamped at 40 mV to collect more trials. The percentage of AMPAR-only silent synapses was calculated from the failure rates of AMPAR EPSCs and compound EPSCs (Liao et al., 1995; Qiu and Weeber, 2007) . The analysis of quantal nature of AMPAR-mediated synaptic responses was essentially as previously described (Traynelis et al., 1993) and was implemented by MATLAB scripts. Minimum stimulation-evoked successful AMPAR events were pooled, aligned by their rising phase at the half-maximal amplitude, and averaged. Mean EPSC AMPA was peak scaled to each individual trace and was subtracted from it to obtain the difference. The decay phase variance of the current difference was calculated and plotted against the binned amplitude of the averaged response. The AMPAR single-channel current and numbers were estimated by fitting the first 50% data points backcalculated from the end-of-decay baseline to the following parabolic equation:
where 2 is the variance, i is the weighted-mean single-channel current, I is the mean current, N is the number of active AMPAR channels opening at the peak of the mean current (i.e., number of physical channels ϫ open probability), and b 2 is the variance of the background. The singlechannel conductance (␥) is calculated as follows:
where V denotes driving force, which is the holding potential minus reversal potential (0 mV) for AMPAR channels.
Statistical analysis. All results are expressed as mean Ϯ SEM. For the electrophysiological studies, sample size n represents number of cells or slices obtained from at least three mice. For Western blot quantifications between groups, a one-way ANOVA or Student's t test was used. To compare cumulative distribution of mEPSC amplitude, Kolmogorov-Smirnov (K-S) test was used. Where necessary, Dunn's multiple-comparison post hoc test was used to compare each genotype to wild-type. Pearson's 2 test was used to compare the classification of dendritic spine types. Comparison of spine head size was made using Kruskal-Wallis test. Statistics were processed using SPSS or GraphPad Prism 5.0 software. p Ͻ 0.05 was considered statistically significant.
Results

MET expression and signaling competency in developing mouse hippocampal neurons
Developing hippocampal CA1 neurons, including axons, dendrites, and somata, are enriched for MET during late prenatal and early postnatal ages, with highest levels evident up to weaning (Achim et al., 1997; Thewke and Seeds, 1999; Judson et al., 2009 ), followed by a substantial decline before puberty. Dentate granule cells and interneurons do not express MET, and only a modest number of CA3 neurons express the receptor based on in situ hybridization analysis in primate and mouse at different developmental ages (Judson et al., 2009 (Judson et al., , 2011 . Thus, analysis of MET protein and manipulation of MET receptor signaling reflects responses primarily in CA1 neurons. We first examined signaling competency of the MET receptor during development. In acute hippocampal slices prepared from postnatal day 3 (P3) mice and maintained in ACSF, HGF (50 ng/ml, 30 min) treatment induces MET receptor activation, measured by an antibody that specifically detects the phosphorylated Tyr1234/1235 in the kinase domain of human MET (Naldini et al., 1991) (Fig. 1A; n ϭ 3) . The same Tyr1234/1235 phosporylation was obtained by treating embryonic hippocampal neurons grown in dissociated cultures for 7 DIV ( Fig. 1A ; n ϭ 4).
MET activation can promote neuronal growth in cultured neocortical neurons (Tyndall et al., 2007; Lim and Walikonis, 2008) and organotypic slices (Gutierrez et al., 2004) . To directly examine the impact of MET signaling on CA1 neuron growth, cultures were treated with HGF (50 ng/ml) after initial plating (DIV 0), and neurite growth were determined and compared with saline-treated controls. Neurons were transfected with pEGFP-C3 (GFP) reporter plasmids at DIV 3 to reveal their morphology and their total neurite length was quantified at DIV5. HGF significantly increased both axonal and dendritic total length ( Fig. 1 B, C ; HGF effects on axons, p Ͻ 0.001; on dendrites, p Ͻ 0.05; n ϭ 24 neurons/3 cultures). Together with the receptor activation data, these results show that MET signaling via its ligand, HGF, is operating and capable of facilitating early neuronal growth in hippocampal CA1 neurons.
MET signaling regulates hippocampal neuron growth and dendritic morphology
We next asked whether altering MET signaling impacts neuronal morphological development. Dissociated hippocampal neurons were transfected with a Met cDNA expression construct for overexpression (OE) or an RNAi construct for loss-of-function studies. Of the three RNAi constructs tested, RNAi #1 ('RNAi') suppressed MET expression most efficiently in HEK293 cells ( Fig. 1D ; n ϭ 2 experiments) and cultured hippocampal neurons ( Fig. 1E ; n ϭ 3 experiments).
We next transfected DIV 11 neurons with GFP control vector, or in combination with MET or RNAi constructs, treated simultaneously with 50 ng/ml HGF, and neuronal morphology analyzed at 3 d after transfection. Met OE significantly increased total dendritic length (data not shown). Particularly striking was the induction of numerous dendritic protrusions by Met OE compared with neurons transfected with GFP only. In contrast, RNAi led to a significantly reduced number of dendritic protrusions (Fig. 2 F, G ; n ϭ 6, p Ͻ 0.01 for both Met and RNAi effects, one-way ANOVA).
Dendritic protrusions are thought to be precursors of dendritic spines (Ziv and Smith, 1996) . We thus determined the effects of MET signaling specifically on dendritic spine morphogenesis in more mature neuronal cultures. Hippocampal neurons were transfected with GFP, Met, or RNAi at DIV14, treated simultaneously with 50 ng/ml HGF, and then subjected to high resolution confocal imaging 7 d later. Quantification of dendritic spine density, spine head area, and spine length was done using the maximum intensity projection image from confocal Z-stack images. Differential manipulation of MET receptor expression resulted in reciprocal effects on spine development; Met OE significantly increased, whereas RNAi significantly reduced, dendritic spine density (Fig. 1 H, I ; p Ͻ 0.001 for the MET, and p Ͻ 0.05 for RNAi groups, n ϭ 16 neurons/4 cultures, one-way ANOVA). Transfection with a scramble form of RNAi (scr RNA) had no effect on spine density. Disruption of MET receptor expression also appeared to impact features of spine maturation. We found that, in Met OE neurons, dendritic spine head area was consistently smaller, whereas RNAi treatment resulted in significantly larger spine head area ( Fig. 1J ; n Ͼ 1100 spines/5 neurons analyzed for each group; p Ͻ 0.01 for both MET and RNAi com-pared with GFP, K-S test). Notably, Met OE also leads to increased averaged spine length compared with GFP controls ( Fig.  1K ; n ϭ 11 neurons for all groups. p Ͻ 0.01). These data indicate that disrupting the balance of MET receptor signaling can lead to altered states of morphological spine development on CA1 neurons in vitro, indicative of potential changes of spine function.
Altered MET signaling disrupts neuronal morphology in vivo
The regulation of the morphology of spine maturation by MET may have functional implications. To determine whether this regulation occurs in the context of intact, developing hippocampal circuits, we next increased or decreased MET expression in the developing hippocampus in vivo. IUEP was used to deliver GFP, Met, and RNAi plasmids to a small population of CA1 hippocampal neurons at E14.5 ( Fig. 2A) . Hippocampal tissue from offspring was collected at P22-P25 for quantitative analyses of both dendrite and spine morphology. GFP-labeled neurons from different treatment groups were reconstructed with Neurolucida to analyze dendritic arborization patterns. High resolution Z-stack images of apical dendritic segments of defined locations (see Materials and Methods) were then collected, and Imaris software was used to quantify and classify dendritic spines (Fig. 2B) .
As predicted, Met OE and RNAi significantly altered the dendritic arborization of CA1 neurons in an opposite direction, whereas scrRNA transfection was without effect (Fig. 2C-F ) . Specifically, Met OE leads to an increase in total apical dendrite length ( Fig. 2E ; p Ͻ 0.05, n ϭ 15 neurons/4 mice, one-way ANOVA test) and number of apical dendrite braches ( Fig.  2F ; p Ͻ 0.05, n ϭ 15). In comparison, attenuation of MET expression by RNAi decreased total apical dendrite length ( p Ͻ 0.01, n ϭ 12 neurons/3 mice) and number of branches ( p Ͻ 0.05, n ϭ 12). Sholl analysis (Fig. 2D ) revealed a specific increase in dendritic intersections at middle apical arbor regions in Met OE neurons ( p Ͻ 0.05, n ϭ 7 neurons/4 mice. one-way ANOVA test), whereas a significant reduction in branching complexity in the same arbor regions was found in RNAi neurons ( p Ͻ 0.05, n ϭ 6 neurons/3 mice). Disruption of normal levels of MET expression also caused changes in dendritic spine density and spine head size. Highly consistent with the in vitro studies, Met OE increased ( p Ͻ 0.05, n ϭ 6 neurons/4 mice; one-way ANOVA test), whereas MET reduction by RNAi decreased the density of spines ( p Ͻ 0.01, n ϭ 9 neurons/3 mice) compared with control GFP neurons (n ϭ 11 neurons/6 mice) (Fig. 2H ) .
MET OE also led to a significant reduction ( p Ͻ 0.01, nonparametric Kruskal-Wallis test), whereas RNAi resulted in a significant increase ( p Ͻ 0.01, n Ͼ 1000 spines/6 neurons for each group) in spine head volume (Fig. 2G) .
We further parcellated apical spines on CA1 neurons using the Imaris specification module into four distinct classes (filopodia, stubby, mushroom, and long thin) based on morphometry (Pathania et al., 2014). These morphological categories are highly correlated with glutamatergic synapse function (Matsuzaki et al., RNAi sequences were cloned into PLVTHM vector, which has bicistronic expression of GFP. RNAi #1 sequence is most efficient in reducing MET expression. E, Test of knockdown efficiency of RNAi sequence #1 on endogenous MET expression in cultured hippocampal neurons. This RNAi sequence was cloned into pSuper vector for faster expression and designated as 'RNAi' hereafter. F, MET OE and RNAi affect dendritic protrusions of cultured hippocampal neurons during the second week in culture. G, Quantification of F. MET OE significantly increased (**p Ͻ 0.01), while RNAi significantly decreased (**p Ͻ 0.01), the density of dendritic protrusions. H-K, MET OE or RNAi alters dendritic spine density and morphology (H ). MET OE increases (***p Ͻ 0.001), while RNAi decreases (*p Ͻ 0.05), the density of dendritic spines (I ). A scrambled sequence of RNAi was without effect. MET OE decreases, while RNAi increases, spine head area (J ) ( p Ͻ 0.01, for both effects). MET OE also significantly increases dendritic spine length (K ) (*p Ͻ 0.05). Scale bars: F, H, 10 m.
2001; Nimchinsky et al., 2002).
Met OE significantly decreased ( p Ͻ 0.05, Pearson's 2 test), whereas RNAi significantly increased ( p Ͻ 0.05, 2 test) the proportion of mushroom-type spines (Fig. 2I ) . This is consistent with a more mature subcategory of dendritic spines when MET expression is reduced. Collectively, the morphological analyses in vitro on dissociated neurons, and on intact CA1 neurons in vivo, show that levels of MET signaling influence the growth of CA1 neurons and, furthermore, may serve as a modulator of spine maturation state during development.
Disrupted MET signaling leads to altered CA1 glutamatergic function
Dendritic structure and spine geometry are highly correlated with functional maturity of neurons. Given the correlation of altered MET expression with human social-emotional circuit activation patterns and interlaminar excitatory drive in mouse neocortex, whole-cell patch-clamp recording on developing CA1 neurons electroporated with GFP and either Met OE or RNAi by IUEP (Fig. 3A) provided an opportunity to directly demonstrate a role for MET signaling on the maturation of specific synapses. Hippocampal slices were prepared from P22-P28 mice offspring. CA1 neuron resting membrane potentials, input resistance, and current injection-spiking relationship were measured. None of these parameters exhibited changes with either OE or RNAi, compared with the GFP-electroporated neurons (data not shown). This indicates that manipulation of MET signaling does not significantly affect membrane properties of CA1 neurons at this development age. Next, spontaneous miniature EPSCs (mEPSCs) of transfected CA1 neurons (voltage-clamped at Ϫ65 mV) were recorded as an estimate of synaptic activity (Fig. 3C) . mEPSC amplitude was found significantly reduced in CA1 neurons in the context of Met OE. In contrast, CA1 neurons with RNAi showed a significant increase in the mEPSC amplitude ( Fig.  3D ; n Ͼ 2000 events/5 neurons for each group. p Ͻ 0.01 and p Ͻ 0.05 for both MET and RNAi group, respectively; K-S test). Furthermore, a significant reduction in the mEPSC frequency was evident in OE CA1 neurons ( Fig. 3E ; p Ͻ 0.05, n ϭ 14 neurons/4 Offspring were harvested at P22-P25 for morphological analysis. B, Individual CA1 neurons labeled with IUEP were subjected to morphological analysis. Dendritic arbor of CA1 neurons were traced and reconstructed with Neurolucida. High-resolution Z-stack images were then collected, and dendritic spines were reconstructed with Imaris. C, Representative neurons labeled by IUEP with control GFP, MET, RNAi, and scr RNA, and their reconstructed 3D dendritic arborization and dendritic spines. D, Sholl analysis of CA1 neurons revealed that MET OE increases, while RNAi decreases, the number of dendritic intersections at distinct compartments of the apical dendritic tree (*p Ͻ 0.05, # p Ͻ 0.05). E, F, MET OE significantly increases total apical dendritic length (E, *p Ͻ 0.05), the number of apical dendritic branches (F, *p Ͻ 0.05), whereas RNAi significantly decreases total apical dendritic length (**p Ͻ 0.01) and the number of apical dendritic branches (*p Ͻ 0.05). G, H, MET OE significantly decreases dendritic spine head volume (G, **p Ͻ 0.01) and increased spine density (H, *p Ͻ 0.05), whereas RNAi significantly enlarges dendritic spine head volume (**p Ͻ 0.01) and decreased spine density (**p Ͻ 0.01). I, Altered MET signaling changes the categorical spine classification based on the morphology. MET OE significantly decreased ( p Ͻ 0.05), whereas RNAi increased ( p Ͻ 0.05) the proportion of the more mature, mushroom-type spines. mice). The impact of altering MET signaling is specific to the excitatory glutamatergic synapse on CA1 neurons because neither Met OE nor RNAi affected the miniature IPSCs (mIPSCs, data not shown).
Functionally, the maturation of CA1 neurons is correlated with a gradual acquisition AMPA receptors at postsynaptic sites Liao et al., 1995) . Changes in the temporal pattern could account for the increased mEPSC amplitude that we observed following reduced MET. The increased AMPA receptor contribution to synaptic maturation also can be assessed by determining the A:N current ratio (Kattenstroth et al., 2004; Terashima et al., 2008) . To address the possibility that MET regulates functional maturation of excitatory synapses onto CA1 neurons, the evoked EPSCs (eEPSCs) were measured in response to Schaffer collateral stimulation. Neurons were first voltageclamped at Ϫ70 mV to record AMPA receptor-mediated wholecell currents and then clamped at 40 mV to record the AMPA/ NMDA receptor compound current response. NMDARmediated current was measured at 75 ms after response onset at 40 mV, during which AMPA current is decayed to negligible levels (Terashima et al., 2008) . Remarkably, Met OE in CA1 neurons resulted in a significantly reduced A:N ratio compared with the nontransfected control neuron ( Fig. 3B ; p Ͻ 0.05, n ϭ 13 OE neurons/3 mice; one-way ANOVA). In comparison, CA1 neurons transfected with RNAi expressed a significantly increased A:N ratio ( p Ͻ 0.05, n ϭ 7 RNAi neurons/3 mice). Compared with recordings from adjacent nontransfected (NT) CA1 neurons, transfection of GFP alone had no effect on the A:N ratio ( p ϭ 0.22, n ϭ 5 neurons/3 mice). These data show that postsynaptic levels of MET can regulate the maturation of glutamatergic synapses, with increased expression antagonizing CA1 synapse maturation, and attenuated expression yielding accelerated maturation of glutamatergic synapses.
Genetic ablation of MET signaling facilitates developmental maturation of functional glutamatergic synapses
To gain additional evidence that the extent of MET signaling impacts glutamatergic synapse development, hippocampal neuron cultures were prepared from MET signaling-incompetent mutant mice (Met fx/fx ; Emx1 cre ) (Judson et al., 2009 (Judson et al., , 2010 and were used to explore glutamatergic synapse development. Female Met fx/fx mice were mated to male Met fx/ϩ ; Emx1 cre mice, with individual fetuses used for separate hippocampal neuron cultures. Hippocampal neurons were grown at low density, as previously described (Qiu and Weeber, 2007) , and used for patch-clamp recording or immunocytochemistry labeling at DIV 22-28.
To obtain an accurate estimate of the number of glutamatergic synapses in control (Met fx/fx ) and null (Met fx/fx ; Emx1 cre ) neurons, double immunofluorescence staining was performed for the AMPAR subunit GluA1 and the obligatory NMDAR subunit GluN1. Both GluA1 and GluN1 staining resulted in punctate labeling (Fig. 4A) , reflecting potential sites of glutamatergic synapses (Lissin et al., 1999; Qiu and Weeber, 2007). Colocalized immunoreactive puncta for both GluN1 and GluA1 represents a putative functional synapse. "Silent synapses" (Liao et al., 1995) , which contain only NMDARs, are represented by GluN1-only positive sites. Consistent with the idea that the MET receptor impacts synapse maturation, the proportion of putative functional synapses, reflected by GluN1 ϩ , GluA1 ϩ colabeling, was significantly increased in Met fx/fx ; Emx1 cre neurons ( Fig. 4B ; p Ͻ 0.05, n ϭ 8 for each genotype). Yet decreased MET did not alter the density of either GluN1 ϩ or GluA1 ϩ individual puncta in Met fx/fx ; Emx1 cre neurons compared with control Met fx/fx neurons. Neurons were also double-labeled with synapsin I (presynaptic) and to quantitate the number of putative functional synapses. Once again, deleting Met resulted in an increase in putative functional synapses, based on the number of double-labeled, directly apposed synapsin I and PSD-95 puncta ( Fig.  4A,C ; p Ͻ 0.05, n ϭ 9 -11 neurons for each genotype).
To complement the molecular data, functional analysis by patch-clamp recording of mEPSCs revealed that Met fx/fx ; Emx1 cre neurons exhibit a significant increase of the mEPSC amplitude compared with the Met fx/fx neurons, whereas there was no change in mEPSC frequency ( Fig. 4D ; n Ͼ 2500 events/8 neurons; p Ͻ 0.02 for mEPSC amplitude comparison, K-S test). These data indicate that elimination of Met genetically resulted in a facilitated state of glutamatergic synapse maturation, consistent with a cell autonomous mechanism in CA1 neurons in the hippocampus.
To further verify that MET loss of function leads to altered synapse development in vivo, we measured dendritic arborization and spine morphologies in CA1 neurons following genetic ablation of Met in single neurons. IUEP was used to deliver the CAG-GFP/cre or the control CAG-GFP vector (Tashiro et al., 2006) to CA1 hippocampus of the E14.5 mice expressing the conditional Met allele (Met fx/fx ) (Fig. 4E) . We found that, compared with CAG-GFP electroporated neurons, CAG-GFP/cre neurons had significantly reduced total dendritic length in both apical and basal dendrite compartments ( Fig. 4F ; p Ͻ 0.01 and p Ͻ 0.05 for apical and basal dendrites, respectively; n ϭ 5 neurons/2 mice). In ϩ or GluA ϩ puncta. However, a significant increase in the proportion of putative functional synapse (defined by colabeling of GluN1 and GluA1 profiles) was found in Met fx/fx ; emx1 cre neurons (*p Ͻ 0.05). C, Quantification of PSD-95 and synapsin I immunoreactivity. No overall difference was found for density of individual PSD-95 ϩ or synapsin I ϩ puncta. A significant increase in the proportion of putative functional synapse (colabeled PSD-95 and synapsin I puncta) was found in Met fx/fx ; emx1 cre neurons (*p Ͻ 0.05). D, Sample mEPSC recording traces obtained from Met fx/fx and Met fx/fx ; emx1 cre cultures. Met fx/fx ; emx1 cre neurons showed significantly enlarged mEPSC amplitude ( p Ͻ 0.02). No change of mEPSC frequency was seen. E, Representative image on Neurolucida and Imaris reconstructions of single CA1 neuronal dendrites and spines from P21-P22 Met fx/fx mice that had undergone IUEP with CAG-GFP or CAG-GFP/cre plasmids. F-I, Quantification of single neuron knock-out of Met by IEUP. CAG-GFP/cre electroporated neurons displayed significantly reduced total dendritic length in both basal and apical compartments (F, *p Ͻ 0.05, **p Ͻ 0.01), and decreased number of apical dendrites (G, *p Ͻ 0.05). Dendritic spines from CAG-GFP/cre electroporated neurons show a significantly reduced density (H, **p Ͻ 0.01) and enlargement of head volume (I, **p Ͻ 0.01) compared with that from CAG-GFP electroporated neurons.
addition, CAG-GFP/cre neurons showed a significant reduction in apical dendritic branches ( Fig. 4G ; p Ͻ 0.05; n ϭ 5 neurons/2 mice), a reduction of dendritic spine density ( Fig. 4H ; p Ͻ 0.01; n ϭ 5 neurons/2 mice), and a significant enlargement of spine head volume ( Fig. 4I ; p Ͻ 0.01; n Ͼ 500 spines/6 neurons analyzed for each group, Kruskal-Wallis test). Therefore, cremediated single-neuron deletion of Met results in essentially the same morphological alterations as demonstrated by singleneuron RNAi (Fig. 2) , with enlarged spine heads indicative of a larger proportion of functional synapses.
Genetic deletion of Met accelerates developmental maturation of intact hippocampus circuits
The morphological, molecular, and electrophysiological data together indicate that MET receptor signaling may be highly pleiotropic, engaging diverse molecular mechanisms to regulate both neuronal growth and synapse maturation in a protracted developmental window. To address this possibility, we measured the electrophysiological effects of ablation of Met in vivo on CA1 glutamatergic synapse development at different ages, using the Met fx/fx ; Emx1 cre and their Met fx/fx littermate controls. Spontaneous mEPSC responses in CA1 neurons prepared at an early developmental stage (P12-P14) were recorded. CA1 neurons of Met fx/fx ; Emx1 cre mice exhibited a significant increase in mEPSC amplitude ( Fig. 5A ; n Ͼ 2200 events/9 neurons analyzed for each genotype; p Ͻ 0.02, K-S test), with no change of mEPSC frequency. Next, stimulus-evoked whole-cell synaptic currents were recorded and the A:N ratio quantified. Similar to single-neuron RNAi (Fig. 3B) , loss of Met during development resulted in a significantly larger A:N ratio at P14 ( Fig. 5B ; p Ͻ 0.05, n ϭ 8 neurons/4 mice, t test). Remarkably, the increased A:N ratio was evident at an even earlier developing age (P6-P7; Fig. 5B ; p Ͻ 0.05, n ϭ 12 neurons/3 mice). The developmental difference in A:N ratio eventually disappeared, with comparable measures obtained in wild-type and mutant hippocampi at P24-P27 ( Fig. 5B ; p ϭ 0.08, n ϭ 7 neurons/3 mice).
Because NMDA receptor subunit switching (i.e., the replacement of GluN2B by GluN2A) is known to mediate functional maturation of CA1 synapses during the first weeks of development (Monyer et al., 1994) , we sought to quantify relative contribution of GluN2B and GluN2A to the NMDAR whole-cell current by determining the relative sensitivity of NMDAR-EPSCs to the GluN2B-selective antagonist ifenprodil (3 M) (Qiu and Weeber, 2007; Harlow et al., 2010) . In CA1 neurons obtained from P14 control Met fx/fx slices, NMDAR-EPSC total charge transfer was inhibited by 52.6 Ϯ 8.8% (n ϭ 10 neurons), which is significantly larger than the inhibition obtained from Met fx/fx ; Emx1 cre neurons (36.3 Ϯ 5.9%, n ϭ 7 neurons/4 mice; p Ͻ 0.05, t test) (Fig. 5C ). An even larger difference in ifenprodil sensitivity was found when these two genotypes were examined at P7-P9 ( Fig. 5C ; p Ͻ 0.01, n ϭ 11 neurons/4 mice, t test), with no difference was seen at P26-P28. Therefore, CA1 synapses in Met fx/fx ; Emx1 cre mice showed reduced GluN2B contribution and a more rapid GluN2A switch earlier in development. To investigate whether loss of MET signaling results in presynaptic changes of release probability, we measured CA1 neuron whole-cell currents in response to paired pulse stimulation across various interpulse intervals (50, 100, and 150 ms). We conducted these experiments both in P7-P8 and P14 mice, and we did not detect any statistical changes of paired pulse facilitation ratio (Fig. 5D) . Together, these results show that MET uniquely regulates the pace of synapse maturation postsynaptically during an early developmental time window of hippocampal CA1 neurons.
Are there molecular correlates of the differences in synapse maturation due to MET deletion? Functional synapse maturation can be reflected by changes of synaptic protein constituents. In an additional set of experiments, we probed a number of synaptic proteins that are known to mediate excitatory synapse maturation or are downstream to MET signaling pathway. In micro-dissected whole CA1 tissue lysates from Met fx/fx ; Emx1 cre and its Met fx/fx controls (P14, Fig. 5E ), we did not observe significant changes in expression of different glutamate receptor subunits (GluA1, GluN1, GluN2A, GluN2B, and mGluR5), postsynaptic scaffolding proteins (Shank 3, Homer 1, and PSD95), and several synaptic signaling proteins (neuroligin 3, synGap, AKT, CaMKII, and PI3 kinase) ( Fig. 5F ; p Ͼ 0.05 for all measurements, n ϭ 3-5 experiments from each protein). Because functional proteins may be compartmentalized subcellularly, an alteration in glutamate receptor content at synaptic sites, in contrast to total glutamate receptors, may explain the increased A:N ratio and changed contributions of different NMDAR subunits in developing hippocampus. To address this question directly, surface proteins were biotinylated in acute hippocampus slices prepared from P14 Met fx/fx and Met fx/fx ; Emx1 cre mice (Qiu et al., 2006; Qiu and Weeber, 2007) . The CA1 region was microdissected, and glutamate receptor subunit content was assessed using Western blot analysis in both surface and total synaptosome protein preparations (Fig. 5 E, G) . There was no difference in the expression levels of GluA1, GluN1, GluN2A, and Glu2B in the total synaptosome proteins. There was, however, a significant increase of GluA1 in the synaptic membrane preparations from Met fx/fx ; Emx1 cre CA1 hippocampal tissue ( Fig. 5G ; p Ͻ 0.05, n ϭ 4 experiments). In addition, consistent with the electrophysiology data, there was a significant reduction of GluN2B ( p Ͻ 0.05, n ϭ 3 experiments) and a significant increase in Glu2A ( p Ͻ 0.05, n ϭ 3 experiments) in the synaptic membrane preparations from Met fx/fx ; Emx1 cre hippocampi. The data indicate that MET signaling regulates the rate of synapse maturation in part through a more refined mechanism of controlling synaptic protein localization rather than gross levels of expression.
To complement our findings on the functional role for MET signaling in synapse development, we used additional measures to address the developmental maturation of the CA1 glutamatergic synapse. The temporal acquisition of AMPA receptors at synaptic sites that initially contain only NMDARs (silent synapses) Liao et al., 1995) is a well-accepted measure of maturation. We thus asked whether the proportion of silent synapses was changed based on the observation of accelerated maturation in Met fx/fx ; Emx1 cre CA1 neurons. We adopted a minimum stimulation protocol to activate a small number of axons or release sites and probed neuronal response and failure rates at Ϫ70 mV and 40 mV (Liao et al., 1995; Qiu and Weeber, 2007) . These experiments were performed at P12-P14, the peak of MET expression in the forebrain, and the time during which biochemical analysis indicated increased synaptic GluA1 and GluN2A content (Fig. 5G) . CA1 neurons were voltage-clamped at Ϫ70 mV first, and minimum stimulation induced mixed events of failure and success of synaptic transmission mediated by AMPARs. Neurons were then voltage-clamped at 40 mV to obtain the synaptic events mediated by both AMPA and NMDA receptors, which has a higher success rate due to the NMDAR contribution (Fig. 6A) . We observed that the difference in the rate of successful synaptic transmission at 40 mV and Ϫ70 mV is significantly smaller in Met fx/fx ; Emx1 cre neurons (8.5 Ϯ 2.1%), compared with that obtained in wild-type Met fx/fx neurons (21.2 Ϯ 2.8%) (Fig. 6 B, C ; p Ͻ 0.05, n ϭ 7 or 8 neurons/4 mice for both groups). The difference in the rate of successful synaptic transmission at 40 mV and Ϫ70 mV can be eliminated in the presence of AP5 (50 M), an NMDAR blocker (data not shown).
We further analyzed postsynaptic AMPAR numbers and single-channel conductance using peak-scaled nonstationary fluctuation analysis on the minimum stimulation evoked EPSCs. Figure 6D illustrates 
Discussion
The present morphological and functional studies have revealed a highly novel mechanism conferred by MET receptor signaling, which we show serves a pleiotrophic role in controlling both neuronal and spine morphology, and the time course of glutamatergic synapse maturation on CA1 hippocampal neurons. Such findings are consistent with the possibility that mistimed maturation of glutamatergic synapses underlie aberrant function of neural circuits that are enriched in MET during development. RTK signaling is well known to serve multiple roles in different cellular contexts (Park and Poo, 2013) . Here, levels of MET receptor appear to impact several different aspects of neuronal maturation, shown by the use of different strategies to manipulate Met expression with morphological, electrophysiological, cre neurons ( p Ͻ 0.02). B, Met fx/fx ; emx1 cre CA1 neurons in P6 -P7 and P14 slices show significantly increased A:N ratio (*p Ͻ 0.05). C, Met fx/fx ; emx1 cre CA1 neurons in P7-P9 and P14 slices show significantly decreased sensitivity to ifenprodil (*p Ͻ 0.05; **p Ͻ 0.01), as measured by reduction of NMDAR current after ifenprodil (3 M). D, No change of paired pulse ratio was found at various interpulse intervals at both P7-P8 and P14. E, Illustration of isolation of whole CA1 tissue lysate (1), total synaptosome protein (2), and synaptic surface protein (3), and quantification protocol. F, Representative Western blot of different glutamate receptor subunit proteins, postsynaptic scaffold proteins, and signaling molecules in whole CA1 lysates. G, Representative blots and quantification of glutamate receptor subunits in total synaptosome fraction and synaptic membrane surface compartments. Quantitative analysis of synaptic surface proteins revealed increased GluA1, GluN2A, and decreased GluN2B levels of immunoreactive protein (*p Ͻ 0.05). No significant change of total synaptosome protein was seen (quantification not shown).
and biochemical measures. Specifically, higher MET expression increases, while reduced expression decreases, dendritic branching and arbor complexity. This positive effect on neuronal growth was also reflected in increased dendritic protrusions and spine density in MET OE neurons, though smaller, more densely distributed but with an immature morphology. Reduced MET signaling via RNAi decreased spine density, yet spine head size was enlarged, showing that control of levels of MET signaling can impact the morphological and functional states of excitatory neurons.
Dendritic spine volume and geometry are correlated with glutamate receptor content and functional maturity (Matsuzaki et al., 2001; Nimchinsky et al., 2002) and is implicated in neuropsychiatric conditions (Hutsler and Zhang, 2010; Penzes et al., 2011) . In the present studies, manipulation of MET expression levels using several methods resulted in a bidirectional regulation of glutamate receptor content at postsynaptic sites, as well as altered maturation of hippocampal CA1 neurons. In addition, we found that the A:N ratio is higher in neurons expressing less or no MET, suggesting a more rapid acquisition of AMPA receptor in developing CA1 synapses. This result could be either a cause or an effect of increased dendritic spine size. The data are consistent with our previous findings in the neocortex demonstrating that reducing or eliminating MET signaling genetically increases interlaminar local circuit excitatory connectivity (Qiu et al., 2012) .
Based on the in vivo data collected from neurons manipulated at a single-cell level, we hypothesized that one function of MET during development is to regulate the temporal profile of glutamatergic synapse maturation. This is supported by a large amount of electrophysiological data collected developmentally.
CA1 neurons from Met
fx/fx ; Emx1 cre mice displayed increased mEPSC amplitude, increased A:N ratio, faster NMDA receptor subunits developmental switch, reduced proportion of silent synapses, and increased number of postsynaptic AMPAR channels at ages significantly earlier than in normal neurons. These functional indications of early maturation are further substantiated by biochemical analysis of glutamate receptor subunit content at synaptic sites (rather than general expression levels), which reveals increased GluA1, GluN2A and decreased GluN2B synaptic targeting in Met fx/fx ; Emx1 cre mice at P14. Diverse mechanisms are known to recruit AMPAR to synaptic sites during patterned activity or synaptic plasticity (Hayashi et al., 2000; Hu et al., 2007; Aoto et al., 2013; Granger et al., 2013 ), yet the mechanisms that contribute to synaptic AMPAR acquisition in a developmental context are less well understood. Interestingly, as the hippocampus continues to mature, we found that some of these differences were eliminated. There is accumulating evidence that timedelimited disruption of signaling systems during development can have long-term consequences on function (Ansorge et al., 2004; Clement et al., 2012) . Previous studies of MET are consistent with this, as there is a sustained increase in interlaminar excitatory synaptic function in young adult neocortex in which there is a genetically mediated complete or partial reduction of Met (Qiu et al., 2011) . Because Met expression is enriched at synapses (Eagleson et al., 2013) and is regulated both spatially and temporally with very limited expression postpubertal, any impact of manipulating the MET receptor would be expected to have a focused impact on synaptic development that could lead to permanent functional changes. Traces from successful trails are displayed on top, with the trace averages highlighted. Two average traces from both genotypes are peak scaled to indicate no change of kinetics. Calculated variances (dotted lines) of these traces following peak scaling were displayed above. EPSC variance was plotted against binned mean EPSC amplitude, averaged AMPAR numbers that open at the peak of mean EPSC, and single-channel conductance was calculated by curve fitting from 7 or 8 experiments.
Disruption of the molecular components that impact excitatory synapse structure and function are evident with deleterious, rare mutations of adhesion, adaptor, and signaling synaptic proteins (Durand et al., 2007; Gilman et al., 2011; Hamdan et al., 2011) . In part, the association of specific mutations with neurodevelopmental disorders has formed the basis for suggesting that synaptic development is a critical target of disruption that affects cognition, including intellectual disability, and ASD (Penzes et al., 2011; Zoghbi and Bear, 2012) . As with many other synaptically enriched ASD risk genes, the specific intracellular molecular mechanisms that operate in MET-manipulated developing glutamatergic neurons that yield different phenotypes have yet to be uncovered. Nonetheless, our study presents compelling evidence that MET signaling participates in regulating dendritic arborization, timing of glutamatergic synapse formation, and functional maturation. Unlike most other synaptic proteins implicated in ASD, MET signaling may primarily engage earlier growth-associated mechanisms by controlling the pace of early neuronal growth and synaptic maturation. Although strictly correlative, the report of differences in gray matter growth in typical developing children carrying the MET promoter 'C' allele is consistent with this type of developmental role (Hedrick et al., 2012) .
It is noteworthy that early maturation of glutamatergic synapse also has been reported with SYNGAP1 haploinsufficiency, a pathogenic mutation of the gene encoding a GTPase-activating protein that is associated with ASD and intellectual disability (Clement et al., 2012) . Thus, MET and SYNGAP1 now provide two specific examples that the timing of neuronal growth and synaptogenesis may be critical to circuit function because of a projected role of these genes in laying a physical framework onto which synaptic signaling complexes, such as glutamate receptors and their downstream targets, are targeted and maintained. Notably, the lack of MET signaling during development does not seem to alter synaptic molecular constituents on a gross scale because overall levels of several prominent glutamate receptors, postsynaptic scaffolding proteins, and signaling molecules were not changed by deleting Met. One challenge, however, is that, in the absence of MET, there may be certain protein changes in the subcellular domains (e.g., synaptic structures) that cannot be resolved using whole CA1 tissue. In addition, the candidate approach of measuring certain synaptic proteins may miss changes that simply are not being assayed. Current studies are underway using discovery-based proteomic analyses to address this.
There appears to be an enrichment of ASD risk genes related to growth factor signaling (Wittkowski et al., 2014) , aberrant ASD brain growth trajectories (Levitt and Campbell, 2009; Berg and Geschwind, 2012) , and the coalescence of functional ASD gene networks in circuits involving superficial and deep layer glutamatergic projection neurons (Parikshak et al., 2013; Willsey et al., 2013) . Furthermore, another recent ASD genetic study has reported an enrichment of genetic variations that disrupts "functional gene sets involved in cellular proliferation, projection and motility, and GTPase/Ras signaling" (Pinto et al., 2010) . MET signaling is complex, capable of activating PI3 kinase, MAP kinase, and GTPase/Ras. This may explain, in part, the biologically pleiotropic effects that we observed when MET signaling was dysregulated.
Several important questions remain to be elucidated to understand mechanism of action that can be translated to our findings in humans. First, how are each of the intracellular signaling pathways engaged by MET to impact neuronal growth and synapse maturation at different times in development? Second, what controls the temporal and spatial patterns (Judson et al., 2009; Mukamel et al., 2011) of MET signaling during development? We recently demonstrated that FOXP2, which is associated with ASD-related language endophenotype, represses MET expression during human brain development (Mukamel et al., 2011) . In addition, MeCP2 regulates MET transcription in an allelespecific fashion regulated by the rs1858830 'C' variant (Plummer et al., 2013) . Moreover, in postmortem analyses, the MET transcript is dramatically reduced in temporal neocortex of subjects with Rett syndrome compared with matched female controls. It is likely that, together with FOXP2 and MeCP2, other transcriptional regulators control the complex patterns of expression of MET. Our laboratories are in the process of identifying these factors and components of the MET protein interactome in glutamatergic circuitry. This additional work will contribute to a more in-depth understanding of the influence of MET on typical and atypical circuit development that will translate into a better understanding of ASD pathophysiology and amenability to molecular interventions.
